The molecular structure of dibenzyl has been determined to an accuracy of about 0*01 A by using extensive X-ray data in three-dimensional Fourier syntheses to refine the approximate atomic parameters originally derived by Robertson. The three formally single-carbon bonds joining the benzene rings have lengths of 1*50, 1*48 and 1*50A and make angles of 115° with each other. The departure from the standard length of 1-54 A is discussed in relation to the analogous systems of polyisoprenes and 1.5 dienes where related effects have been observed. The dimensions of the benzene rings also reflect the unusual character of the acyclic carbon bonds, two of the aromatic bond lengths being 1*39 A and the other four 1*37 A. The molecule, although possessing a centre of symmetry, is not absolutely symmetrical, since the central CH2-CH2 bond is inclined at 70-5° to the plane of the benzene rings. This is ascribed to the influence of intermolecular forces.
The molecular structure of dibenzyl has been determined to an accuracy of about 0*01 A by using extensive X-ray data in three-dimensional Fourier syntheses to refine the approximate atomic parameters originally derived by Robertson. The three formally single-carbon bonds joining the benzene rings have lengths of 1*50, 1*48 and 1*50A and make angles of 115° with each other. The departure from the standard length of 1-54 A is discussed in relation to the analogous systems of polyisoprenes and 1.5 dienes where related effects have been observed. The dimensions of the benzene rings also reflect the unusual character of the acyclic carbon bonds, two of the aromatic bond lengths being 1*39 A and the other four 1*37 A. The molecule, although possessing a centre of symmetry, is not absolutely symmetrical, since the central CH2-CH2 bond is inclined at 70-5° to the plane of the benzene rings. This is ascribed to the influence of intermolecular forces.
I n t r o d u c t i o n
The first detailed structural examination of a crystalline compound of the polyis* prene type represented by geranylamine hydrochloride (I) revealed an anomalor interatomic distance for the bond linking the two isoprene units. This clearly calk for further investigation both to confirm an isolated observation and, if it was foun th a t a general principle was involved, to establish the molecular conditions und which it functioned. An attem pt at correlation with the ultra-violet absorpti spectra by Bateman & Koch (1944) gave negative results, presumably because the structural feature reflected no abnormality in th a t absorption region. Neither did the chemistry of the simpler members of the same class of compound offer any decisive evidence, although for certain carbathoxyl-substituted hexadienes the assumption of special properties for the 1.5 system of double-and single-carbon bonds was shown by Bateman & Jeffrey (1945) to provide an explanation of some exceptional chemical properties. From structural analyses, either by X-rays or electron diffraction, only two examples could be found where related compounds had been examined in detail. These were the crystal structures of succinic acid (II) by Yerweel & MacGillavry (1939) and of dibenzyl (III) by Robertson (1935) . In both cases it was doubtful whether the results were sufficiently precise to have any bearing on the problem. Of the two, the dibenzyl was chosen for further inquiry using the more powerful modern X-ray methods because the revision of these bond lengths was the more necessary, if only to confirm or otherwise the existence of a covalent carbon to carbon bond longer than that of diamond which has also been reported for hexamethyl ethane by Bauer & Beach (1942a, 6 ).
S u m m a r y o f R o b e r t s o n 's s t r u c t u r e a n a l y s i s
A unit cell of dimensions a = 12-77 A, b 6-12 A, c = 7-7 to contain two centrosymmetric molecules of C6H5. CH2. CH2. C6H 5 related by the space-group symmetry 2 f a .The phase angles of the structure factors are multiples of \n, and their derivation together with the experimental data leads to the determination of the twenty-one unknown atomic parameters excluding the hydrogen atoms.
About 150 absolute intensities, mainly of planes in the principal zones, were measured experimentally using a two-crystal moving-film spectrometer and a Robinson integrating photometer. From these the approximate orientation of the benzene rings with respect to each other and the crystal axes were deduced by trial and error methods, and the co-ordinates were refined by Fourier projections on the principal planes. The (100) projection was of little value owing to overlapping of adjacent molecules in the cell, but a fair degree of resolution was obtained in the other directions. The benzene rings were shown to be approximately planar and 3  2  2  204  17  17  17  203  13  13  12  202  15  16 -1 1  201  23  26  19  201  13  15  12  202  70  72  91  205  6  7  10  201  11  12  11  205 < 2  1  2  206 5 5 -4 207 < 3 < 2 0 hkl  R  J  C  405  3  4  4  404 < 3 < 2 -3  403 < 3  2  2  402  34  33  30  401  25  24  18  40T  12  13  12  402 regular hexagons of diameter 2*82 A. Assuming th a t they are exactly so, their orientation to the crystal axes was calculated from their projected dimensions. The position of the CH2 atom was located from the Fourier peaks and gave C6H 6-CH2 and CH2-CH2 distances of 1*47 and 1-58 A respectively.
T h e a d d i t i o n a l e x p e r i m e n t a l d a t a
The crystallographic details were confirmed, the axis measurements agreeing with Robertson's within 0-01 A.
The molecule of dibenzyl is essentially three-dimensional in th a t all the atoms do not lie in one plane, and in order to locate the atomic positions directly without any assumptions about the interatomic distances three-dimensional Fourier syn theses are necessary. All the X-ray reflexions within the range of Cu radiation were therefore recorded using a single-crystal Unicam X-ray photogoniometer. The ranges of oscillation about the axes were chosen so th at planes of low indices were generally recorded on ten different photographs, while other reflexions appeared less often according as the indices were beyond the limiting layer lines. In this way the stronger intensities were measured more accurately, congruous with attaching a greater significance to absolute rather than to proportional errors. To bring strong and weak reflexions from the same oscillation within the limits of accurate intensity measurement, a modified multiple-film technique (cf. Robertson 1943) was used, three films being interlayered with aluminium screens of absorption giving a corre lating factor of four between each film. The intensities were estimated visually by matching with calibration spots made at the conclusion of each set of oscillations with the same batch of films and a suitable reflexion from the same axis setting. After correcting for the variation in angular velocity of oscillation, the mean values on an arbitrary scale were converted to absolute intensities by comparison with the ninety-six absolute intensities given by Robertson. The structure amplitudes for the 746 planes observed were then calculated with the usual formulae for Lorentz and polarization factors.
In table 1, Robertson's published values for the limited number of planes which he considered are compared with the new observations. In view of the different techniques employed, the agreement is very satisfactory and can be regarded as justification for the visual method of measuring intensities which, by reason of its rapidity of operation, becomes practically indispensable when a large number of experimental structure factors are required. The differences between the two results, including that for (200) which is probably an extinction effect, form an approxi mately normal error curve from which the most probable error is 0-6.
The approximate atomic parameters
That the structure proposed b.v Robertson was correct in all but the finer details was borne out by the agreement between his calculated and observed structure factors, and this was further confirmed by extending the comparison to many of the new results. However, as was pointed out by Robertson (1939) » limita tions of the Fourier projection method, it was doubtful whether any significance could be attached to the difference between the observed acyclic bond lengths and the normal value of 1*54 A, nor could it be said th a t the aromatic bond lengths were not 1-39 A as determined in benzene itself by Brockway & Pauling (1934) . A new set of co-ordinates was therefore derived for the purpose of commencing the Fourier refinement. Keeping the molecule with the same orientation to the crystal axes, the C-CH2 and CH2-CH2 lengths were converted to 1-54 A, and the benzene rings reduced to regular hexagons of diameter 2*78 A. The actual changes in co-ordinates were small, the maximum shift was 0*11 A and the mean 0*03 A, and for structure factors calculated from this model the agreement with the experimental values was not appreciably reduced.
G. A. Jeffrey T h e r e f i n e m e n t o f t h e a t o m ic p a r a m e t e r s
All the new experimental results were included in the refining syntheses, but for the early stages, instead of using three-dimensional sections and lines for locating the maxima of the Fourier peaks, the less laborious section projections and projected sections of Booth (1945) were evaluated. A section projection on (001) with the limits [c] = 0->£ excluded, the overlapping adjacent molecule in the cell and gave sharp and well-resolved peaks for the atoms in the benzene ring. For these special limits, the general formula for the synthesis reduces to
The Cx peak from this synthesis is distorted owing to the limit [c] = 0 passing obliquely through the C^-Ci bond, and in figure 2, showing the contour map of the summation, the Cj peak is obtained from a separate section at z = 0-970. Parallel to the (010) plane, two projected sections were computed, one containing Cx, C2, C4 and C6 and the other C3, C5 and C7. The position of these peaks determined the z co-ordinates and confirmed the x co-ordinates from the section projection. The new parameters gave rise to twenty sign changes on recalculation of the structure factors, and these were introduced by applying correcting syntheses. Further recalculation showed only six sign changes, and at this stage in the refinement three-dimensional sections a t particular y values and lines parallel to the b axis were necessary to get the most accurate information available from the experimental data. These laborious summations were carried out by the Scientific Computing Service, as was also the 227 calculation of the final theoretical structure factors. In figure 3 the sectional contour maps are shown superimposed for the purpose of illustration on to the (010) plane. The contours are plotted at intervals of one electron per A3, the first being dotted
The structure of and the zero omitted for clarity in the diagram. There remained three sign changes for planes of very small amplitude which, when introduced as a correcting synthesis, produced a negligible shift on the co-ordinates (about 0*003 A).
The final atomic co-ordinates are given in table 2, and the corresponding intra molecular dimensions in table 3. The observed and calculated structure factors not given in table 1 are shown in an appendix. The agreement between the values is satisfactory, the ratio o f 27 | Foha | -| Fcalc | to 271 FoX)a | being 0*15. I t is of interest to co closer agreement between the two sets of experimental values also given in table 1. I t must be inferred that, owing to the assumption in the atomic scattering factors of isotropic thermal motion and spherically symmetrical electron distribution about the atomic co-ordinates, the structure factors have been measured more accurately than they can be calculated. This does not, of course, affect the method of Fourier refinement which is independent of any assumptions about the form of the atomic scattering factors, but becomes im portant if the co-ordinates are derived by the method of direct adjustm ent to give the best agreement between observed and calculated values.
The difference between the observed and calculated structure factor for the very strong 202 reflexion was unusually large, and, since it might represent an experi mental error due to extinction, the effect of introducing a coefficient of + 90 instead of + 71 into the Fourier synthesis was considered. The corresponding shift in atomic co-ordinates was found to be less than 0*003 A for any atom.
The structure of 229 T h e a c c u r a c y o f t h e r e s u l t s
The atomic co-ordinates were obtained directly from the positions of the Fourier maxima without any reference to previous knowledge of the geometry of the benzene ring and its substituent groups. I t will be noted that within a fraction of a degree C^-Ca is collinear with C2-C5, and opposite sides of the benzene ring are parallel. On the other hand, there is a discrepancy of 1° between C1-C2-C5 and C3-C4, C6-C7. This corresponds approximately to the difference of 0*01 A between the bond lengths C2-C3 and C2-C7 and is certainly experimental error. All the angles associated with the benzene rings are 120° within + 1° and the variations inside that limit cannot be regarded as significant. The deviation of the Cx Cx C2jangle from the normal tetrahedral angle of 109*5° is, however, quite definite and is one of the special features of the molecular structure. In testing for* planarity of the ring it was found that both the planes C2 C3 C7 and C2 C4 C6 were inclined at exactly 71*6° to C[ Cx C2, but the atoms C3, C5 and C7 were each 0*02 A out of the plane of C2C4C6. The symmetry with which the benzene bond lengths fall into two classes according to their position in relation to the substituent bond is evidence for the acceptance of the difference between 1*37 and 1*39 A as real, but whether the Ci-Cx and Cx-C2 difference of 0*02 A is also significant is less certain.
Summarizing, it appears from the self-consistency of the molecular dimensions that the bond lengths can be regarded as reliable to ± 0*01 A and the angles to ±1°.
Since many of the detailed structure analyses have in the past only proceeded as far as Fourier projection methods for determining the molecular dimensions, it is of interest from the point of view of assessing their accuracy to compare the refined atomic positions with those derived by Robertson. Bearing in mind, however, th a t dibenzyl, being a non-planar molecule of some complexity, was difficult to define from the two useful projections on (010) and (001), in neither of which were all the atoms completely resolved. The general orientation of the molecule in the unit cell was described quite accurately. Robertson's values corresponding to those in The accuracy of Robertson's x co-ordinates is most striking and shows th a t under the best conditions reliable parameters can be obtained from Fourier projections. The y and z values were each derived from a single projection, there being no resolu tion of the peaks in the [100] direction, and as might be expected the biggest error is from the poorest projection, th a t on (001).
D i s c u s s i o n o f t h e m o l e c u l a r s t r u c t u r e
The three acyclic bonds in the dibenzyl molecule are shorter than the normal C-C bond length by amounts which can confidently be regarded as well beyond the prob abilities of experimental error. Together with the similar results from the crystal structure analysis of geranylamine hydrochloride by Jeffrey (1945) , this is evidence of the existence of special structural properties associated with the system of two unsaturated groups separated by three single-carbon bonds. In dibenzyl the three bond lengths in question are 1-50, 1-48 and 1-50 ± 0-01 A, whereas in the di-isoprene compound they were 1-51, 1-44 and 1-51 ± 0-04 A. The estimated limits of experi mental error in the latter analysis were very much greater than in the present work owing to difficulties inherent to the more complex molecule, and they do in fact include the variation between the two results. W hether the bond lengths are truly identical is uncertain at the moment. They might differ for two reasons: (a) th a t the electronic character of the substituted atom in the benzene ring is not the same as a doubly bound carbon atom although they are said to behave similarly in respect to first-order conjugation, comparing, for example, hexatriene and stilbene; (6) th a t an effect characteristic of the hydrocarbon is further enhanced in the geranylamine molecule by the terminal N H^ group as tentatively suggested by Bateman & Jeffrey (1943) . I t is anticipated th a t this question will be answered both by increasing the accuracy of the atomic co-ordinates from the geranylamine structure, using the method proposed by Booth (1945) , and by undertaking other detailed structure analyses on appropriate hexadiene derivatives.
The third compound for which structural data are available a t present is succinic acid. In the crystalline state, depicted as in (IV), a resemblance to dibenzyl is apparent:
The C-C bond lengths reported from crystal structure analysis by Verweel & MacGillavry (1939) are 1*50, 1-52 and 1*50 A, which the authors conclude are not significantly different from normal. This implies an experimental error of a t least 0*04 A, and it may well be a little greater, since the atomic parameters were derived from two Fourier projections in one of which the resolution and shape of the peaks were poor. While it is of interest to note th at short values were obtained for all three bonds, the results are of little significance to the problem without further refinement. In all three molecules, the configuration of the adjacent carbon bonds about the central CH2-CH2 bond is planar, although this plane is not necessarily the same as or perpendicular to th at of the benzene rings or the double-bond valencies. W ith the dibenzyl and succinic acid structures this is a condition determined by the crystal symmetry, but not with the geranylamine molecule where it only emerged as a result from the detailed analysis. Since there is no reason why the rotation should be rigidly restricted about a normal single bond in the central position of these mole cules, it is suggestive that a planar configuration is an accompanying feature to the peculiar bond lengths.
As was pointed out when describing the di-isoprene structure a shortened central C-C bond in the 1.5 diene system cannot be simply explained in terms of the present theory of quantum mechanical resonance, and neither can the more exact picture revealed by this structure analysis. The reduction from the normal single-bond lengths may be regarded as due to the partial non-localization of the electrons of the C-H bonds and their transference to the carbon chain, designated by Bateman & Jeffrey (1945) as chain-hyper conjugation in Part IV of this series. From an alternate point of view in terms of atomic orbitals, it may be considered that the hybri dization ratio is modified so as to increase at the expense of the C-H bonds the s character of the C-C bonds as compared with a normal single 3 bond, assigning to the new mode of bond formation the observed interatomic distances. With either point of view it must be postulated th a t the molecule gains extra ' resonance ' energy when instead of complete insulation of the unsaturated groups by the three C-C links some degree of electronic interaction is possible. If analogy with the series butadiene, hexatriene, octatetrene is permissible, then this effect will be intensified with increase of the number of 1-5 diene units, and in the polyisoprenes, rubber, gutta-percha and chloroprene, a structural modification of the bond characters as great if not greater may be anticipated.
In the dibenzyl molecule the shortening of the bonds between the two benzene rings appears to be reflected by a redistribution of the bond lengths within the rings. While two of the aromatic bonds have the value 1-39 A, which is th a t generally accepted for benzene itself, the other four are shorter with 1-37 A. No comparable experimental data for fully conjugated molecules are a t present available, since in the X-ray analysis of stilbene, azobenzene, tolan and diphenyldiacetylene it is assumed in order to determine the orientation of the molecules th a t the benzene ring is a perfect hexagon of sides 1-39 A. The theoretical calculations of Penney & Kynch (1938) on phenylethylene for the bonds here referred to as C2-C3, C3-C4, C4-C5 were 1-398, 1-390 and 1-393 by the approximation of electron pairs and 1-374, 1-377 and 1-374 by the orbital method. Unfortunately, the limits of experimental error in the present work are too large to be able to define as precisely as would be desired the differentiation between the two types of aromatic bond, but the results do indicate, first, th at the difference in length may be somewhat greater than theoretically predicted even for a fully conjugated system, and secondly, th a t either the benzene ring as a whole acquires a greater degree of double-bond character in this molecule or the value of 1-39 A for benzene itself is about 0-01A too large. The most accurate experimental derivations of this standard value are reported from electron diffraction on benzene by Brockway & Pauling (1934) , 1-39 0-01 A, and from X-ray diffraction on hexamethyl benzene by Brockway & Robertson (1939) , 1-39 ±0-02 A. The theoretical treatm ent of Lennard-Jones & Turkevitch (1937) by the method of molecular orbitals gave a value of 1-37 A, starting from the assumption of 1-54 and 1-33 A for the pure single-and double-bond lengths.
Of interest as an example of the directive influence th a t intermolecular packing can have on the intramolecular configuration is the orientation of the CH2-CH2 bond a t 70|° to the plane of the benzene rings. In a comparatively isolated state of gas or liquid phase the molecule would be expected to be symmetrical with this central bond perpendicular to the benzene rings and (CH2)...C3 equal to (CH2)...C7. In the crystal these two distances differ by 0-3 A, and the small unbalance between the Van der Waals forces must be compensated by a more compact packing than could be attained by absolutely symmetrical molecules. The intermolecular distances are very similar to those described by Robertson in the original paper, the closest approaches of 3-7-4-1 A being between adjacent benzene rings.
This work forms a part of the programme of fundamental research on rubber undertaken by the Board of the British Rubber Producers' Research Association. 
